Abstract Previous studies suggest that the Pacific Decadal Oscillation (PDO) modulates annual and summer precipitation patterns over East China. In this study, the effect of the PDO on monthly precipitation anomalies over this region is investigated. The new results show that the effect is month-dependent. The well-known North-South dipole patterns of annual precipitation are dominated by the July-August precipitation. In other months, the corresponding patterns vary in strength, position, and even shape. For example, the May and June precipitation patterns show opposite signs to the July-August or annual mean patterns, whereas the September-December monthly precipitation anomalies show a triple pattern. Monthly precipitation patterns over East China are largely determined by large-scale moisture transport controlled by atmospheric circulation. The PDO affects East China precipitation patterns by modulating the large-scale circulation pattern.
Introduction
The East Asian Summer Monsoon weakened in the late 1970s (Wang 2001; Zhou et al. 2009 ), which led to significant rainfall changes over East China with more precipitation in the South (south of the Yangtze River Valley) and less in the North. This North-South dipole pattern of precipitation anomalies has often been referred to as Bsouthern flooding and northern drought^(BSF-ND^, hereafter) in China (Yatagai and Yasunari 1994; Nitta and Hu 1996; Zhou et al. 2009; Li et al. 2010 ).
However, it remains unclear whether the PDO has affected the seasonal precipitation over the whole East China. In this study two questions will be addressed in this study: 1) whether the North-South dipole pattern only exists in the summer and 2) what dominates the pattern shift of monthly precipitation over East China (if it exists) during the different phases of PDO. This paper is organized as follows: Section 2 introduces the data and method; Section 3 presents the results; a preliminary quantitative discussion about the PDO's impact on precipitation is provided in Section 4; and a summary is given in Section 5.
Data and method
Several datasets are used in this study.
(1) The 160-station monthly precipitation dataset from 1951 to 2013 and the 60-station long-term precipitation dataset from 1908 to 2013, both of which are obtained from the China Meteorological Administration. (2) Global land monthly precipitation from 1901 to 2012 with high resolution of 0.5°× 0.5°from the Climate Research Unit (CRU TS3.21, refer to Harris et al. 2014) . (3) Global land monthly precipitation from 1901 to 2010 with resolution of 0.5°× 0.5°from the Global Precipitation Climatology Centre (GPCC, refer to Schneider et al. 2011) . (4) The monthly PDO index from 1900 to 2013 (Mantua et al. 1997; Zhang et al. 1997) , defined as the leading standardized principal component of monthly SST anomalies in the North Pacific Ocean (http://jisao.washington.edu/pdo/ PDO.latest). Finally, (5) the US National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) (1948 Kalnay et al. 1996) , the European Centre for Medium-Range Weather Forecasts (ERA40) (1958 -2002 Uppala et al. 2005) , and the Japanese 55-year (JRA-55) (1958 Ebita et al. 2011 ) reanalysis datasets of atmospheric geopotential height, winds, surface pressure and specific humidity.
Composite analysis of the PDO different phases was performed to obtain the spatial anomaly patterns of precipitation and atmospheric circulation. t-test (Wilks 2005 ) was used to give the significance of difference between two time series (refer to the Supplement A1). To detect the relation between precipitation and the PDO on interdecadal time scales, the Ensemble Empirical Mode Decomposition method (EEMD, Huang and Wu 2008; Wu and Huang 2009 ) was used (refer to the Supplement A2), which is a recently developed data-adaptive filter for nonlinear and nonstationary time series analysis. It has been used to distinguish the decadal/interdecadal variations of global temperature, precipitation, aridity index, etc., from the observations dataset, and the results show clear physical significance Xia et al. 2013; Qian and Zhou 2014) . In this study, the EEMD method was used to extract the components of the interdecadal variability of regional mean precipitation and the PDO series.
The contribution of the PDO on the precipitation over East China is quantified by:
where P w and P c are the averages of interdecadal precipitation (extracted by the EEMD method) during the warm (1977-2002) and cold (1945-1976) phases of PDO, respectively, P the average of raw precipitation, ││ the absolute, and q the contribution rate of the PDO on precipitation. The interdecadal precipitation extracted by the EEMD method represents the component modulated by the PDO, therefore, the difference between the averages during different phases of PDO is resulted from the PDO.
Finally, because the names of the regions are often confused, it is necessary to define them. In this study, South China denotes the region of the middle and lower reaches of the Yangtze River Valley and south of it (110-122°E, 22-30°N), North China denotes the region north of the lower reaches of the Yellow River ). Both are included in East China, which is the region east of 100°E and south of 42°N.
Results

Precipitation variability over East China and its links to the PDO
Annual precipitation
On interdecadal time scales, annual precipitation over East China shows alternating BSD-NFô r BSF-ND^anomalies, resembling a Bseesaw^structure. These patterns of precipitation anomalies are modulated by the PDO, as shown in Fig. 1 . According to previous studies, the recent two phases transitions of the PDO occurred in the late 1970s and around 2000 (Qian and Zhou 2014) . Therefore, composite analysis is performed for 1951-1976, 1977-2002, and 2003-2013 . During the PDO cold phase , the BSD-NF^pattern is seen (Fig. 1a) . In this period, there was more precipitation over North China and less over South China. During the PDO warm phase , the precipitation anomaly pattern reversed: negative anomalies over North China and positive anomalies over South China, corresponding to the BSF-ND^structure (Fig. 1b) . The composite average during the recent cold phase (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) clearly shows the BSD-NF^structure of the precipitation anomalies (Fig. 1c) , although this phase is not complete.
To show the interdecadal correlation between annual precipitation and the PDO, interdecadal components of the PDO index and area mean precipitation over North and South China are extracted using the EEMD method, respectively. Observations, CRU and GPCC datasets all show clearly that annual precipitation and the PDO are out of phase over North China (Fig. 2a ) and nearly in phase over South China, but lagging by 5-12 years, despite the differences among the three datasets (Fig. 2b) . For example, precipitation shows positive anomalies over North China and negative anomalies over South China during the cold phase. These results are consistent with the spatial characteristics of the precipitation anomalies in Fig. 1 .
Monthly precipitation
The meridional structures of the zonal-mean precipitation anomalies over East China during three phases of the PDO are shown in Fig. 1d -f. Similar to annual precipitation, the July and August precipitation shows similar interdecadal variability ( Fig. 1d and e): there are positive and negative anomalies over North and South China, respectively, during the cold phase and opposite anomalies during the warm phase. These anomalies correspond to the North-South dipole pattern of annual precipitation ( Fig. 1a and b) .
However, there are some differences in the May and June precipitation. During the cold phase of PDO, there is a strong positive precipitation anomaly over South China and a negative precipitation anomaly north of it, corresponding to the BSF-ND^pattern. During the warm phase, the pattern changes into BSD-NF.^Apparently, the patterns in May and June are opposite to the annual precipitation pattern. Besides, the position of precipitation anomalies is different. The division between the positive and negative anomalies is around 30°N in May and moves southward to about 27°N in June. 1951-1976, b, e 1977-2002, and c, f 2003-2013 , using the observation dataset. Stippled areas in (a-c) denote anomalies that are statistically significant at the 90 % level. Precipitation in (d-f) is averaged from 110°E to 117°E Climatic Change (2017) 144:405-417 For the January to April precipitation, there are negative anomalies over south of 32°N, which move gradually from the middle and lower reaches of the Yangtze River Valley in January to the southeastern coast in April during the cold phase of PDO. Moreover, there are positive anomalies over north of 32°N although relatively weak. An opposite pattern of precipitation anomalies is found during the warm phase of PDO. This means that the pattern of BSD-NF^and BSF-ND^is presented in the January-April precipitation during the cold and warm phase of PDO, respectively. However, the anomalous precipitation centers move southward with respect to the annual precipitation anomalies pattern. For instance, the positive anomalies in April occur only around south of 25°N during the cold phase of PDO, whereas the corresponding anomalies are around 34°N in the annual precipitation.
For September to December precipitation, there is more precipitation over most of East China except the negative precipitation anomalies in central eastern China, corresponding to a triple structure of B+ − +^during the cold phase of PDO. Besides more precipitation in central eastern China, negative precipitation anomalies are seen over most of East China with a triple structure of B− + −^that corresponds to the warm phase of PDO.
It should be noted that there are some differences between the precipitation anomalies during the two cold phases (Fig. 1a, c, d and f ) . In fact, compared with the entire cold phase of , SST in the central North Pacific is colder by about 0.1°C~0.3°C during the first decade of the present cold phase. Therefore, the modulation of PDO on precipitation is likely different. However, the main characteristics are still recognizable in this incomplete phase, such as the BSD-NF^in July and August and the BSF-ND^in May and June. Fig. 2 The interdecadal variabilities of the PDO index and annual precipitation, both of which are extracted using the EEMD method over a North China (110-117.5°E, 35-42.5°N) and b South China (110-122°E, 22-30°N ) from observation, CRU and GPCC datasets, respectively Additionally, the precipitation in East China is influenced by several external factors that possess various time-scales. In this study, the composite analysis is used to extract the contribution of the PDO on the precipitation. The periods used in the composite analysis of precipitation are strictly taken from those of cold and warm phases of PDO. For the external factor with the period shorter than the PDO (like ENSO), its contribution on the precipitation will be counteracted each other in a single phase of PDO. For the external factor with the period longer than the PDO (like AMO), its contribution will sustain for more than a phase of PDO, such that the results of composite analysis will not be reversed during different phases of PDO. However, from the results of composite analysis (Fig. 1) , the patterns of precipitation anomalies present almost reversed characteristics, suggesting that the contributions of external factors with longer periods are neglectable. Therefore, the results of composite analysis (Fig. 1) can be attributed to the PDO. Figure 3 shows the correlation coefficients for the interdecadal components of the PDO index and monthly precipitation over North China and South China, respectively. Besides May, monthly precipitation over North China exhibits significant negative correlation with the PDO on interdecadal time scales (Fig. 3a) . However, interdecadal correlations between precipitation over South China and the PDO display clear seasonal characteristics (Fig. 3b) , although there are some differences among the three datasets. As shown in Fig. 3 , correlation coefficients are negative over North China and positive over South China from January to April, and July and August. This corresponds to the BSF-ND^(BSD-NF^) pattern during the Fig. 3 Correlation coefficients between the interdecadal variabilities of the PDO index and monthly precipitation, both of which are extracted using the EEMD method, over a North China and b South China from observations, CRU and GPCC datasets, respectively. Correlation coefficients that are not statistically significant at the 95 % level have been removed warm (cold) phase of PDO. In May, there are positive and negative correlation coefficients over North China and South China, respectively, corresponding to the BSD-NF^(BSF-ND^) pattern during the warm (cold) phase of PDO. However, negative correlation coefficients are both found over North and South China in June. This is because the NorthSouth dipole pattern in June shifted southward and is limited in the south of 35°N (Fig. 1d and e) . Clearly, the anomalous precipitation center in the north is not located at North China but at the middle and lower reaches of the Yangtze River Valley. During September to December, there are negative correlation coefficients over North and South China, corresponding to less (more) rainfall over most of East China during the warm (cold) phase of PDO.
In general, the modulation by the PDO of monthly precipitation over East China is monthdependent. The North-South dipole pattern does not occur exclusively in July and August. There are also similar (during January-April) or opposite (in May and June) structures in other months.
Mechanisms for the PDO's effect on precipitation variability
How do SST anomalies (the PDO) affect monthly precipitation of East China? What dominates the differences of monthly precipitation during the cold and warm phases of PDO? East China locates in the East Asia monsoon region, with abundant moisture from the Indian Ocean, the Bay of Bengal, South China Sea and the West Pacific (refer to Supplement A4 for climatology). As first step, the differences of atmospheric circulations and moisture transportation between the cold (1958-1976) and warm (1977-2001) phases of PDO are investigated using the EAR40 reanalysis (Fig. 4) . To simplify the discussion, only April, June, and August are presented as typical cases of the January-April, May-June, and July-August periods, respectively.
With respect to the climatology, there are high (low) pressure anomalies over North Pacific at 500 hPa in April during the cold (warm) phase of PDO. The wind difference (Fig. 4a , arrows) presents anomalous easterly winds over South China and southeasterly winds over North China that promotes the northward transport of moisture. Consequently, there are anomalous moisture convergence (divergence) over the middle and lower reaches of the Yangtze River Valley and North China, anomalous moisture divergence (convergence) over the most area of South China during the cold (warm) phase (Fig. 4b) . The pattern of moisture divergence corresponds to the precipitation structure of BSD-NF^and BSF-ND^in April during the cold and warm phases, respectively (Fig. 1d-e) .
With respect to the climatology, the West Pacific Subtropical High is weaker (stronger) at 500 hPa in June during the cold (warm) phase (Fig. 4c) . Correspondingly, the southwesterly winds are weakened (strengthened) along the northwestern flank of the West Pacific Subtropical High, the region of the middle and lower reaches of the Yangtze River Valley. Therefore, the northward transport of moisture from the Bay of Bengal and South China Sea is inhibited (promoted) to the middle and lower reaches of the Yangtze River Valley during the cold (warm) phase, leading to anomalous divergence (convergence) there and convergence (divergence) south of it (Fig. 4d) . This results in less (more) precipitation over the middle and lower reaches of the Yangtze River Valley and more (less) over its south during the cold (warm) phase. This corresponds to the precipitation pattern in June as shown in Fig. 1d-f. With respect to the climatology, the southerly winds over East China in August is strengthened (weakened), caused by an anomalous anticyclone (cyclonic) over East Asia, during the cold (warm) phase (Fig. 4e) , which promotes (inhibits) the northward transport of the moisture. Therefore, there are anomalous moisture convergence (divergence) over North China and divergence (convergence) over the middle and lower reaches of the Yangtze River Valley during the cold (warm) phase. This leads to more (less) precipitation over North China and less (more) over South China during the cold (warm) phase of PDO, corresponding to the BSD-NF^(BSF-ND^) pattern (Fig.1d-e) .
The atmospheric conditions in April, June, and August from the JRA-55 Reanalysis are comparable to the above results from the ERA40 Reanalysis. This suggests that the patterns of atmospheric circulation anomalies modulated by the PDO are robust in the different datasets. , shaded) integrated from the surface to 700 hPa in a, b April, c, d June and e, f August between the periods 1958-1976 and 1977-2001 , from the ERA40 Reanalysis. The shaded areas and red arrows denote the differences that are statistically significant at the 90 % level in the left column. Blue points and arrows indicate the differences that are statistically significant at the 90 % level in the right column. Gray areas are the Tibetan Plateau
Discussion
It is interesting to quantify the contribution of the PDO on the annual and monthly precipitation using Eq. (1). For annual precipitation over North China, anomalies of 24.0 mm and −16.5 mm (observation) occur during the cold (1945-1976) and warm (1977-2002) phases of PDO, respectively; while For South China, anomalies of −14.8 mm and 14.2 mm occur. Therefore, annual precipitation variations induced by the PDO are −40.5 mm and 29.0 mm over North and South China. It suggests that the modulation of PDO on the precipitation over South China is less significant than that over North China, which can be explained by the fact that the precipitation over South China is influenced by several other factors except the PDO. According to Eq. (1), the contribution rates are 7.6 % and 1.9 % over North and South China, respectively. Why is the contribution rate over North China much larger than that over South China? In fact, the mean annual precipitation are 537.5 mm and 1500.0 mm over the North and South China, respectively. As the annual precipitation i.e., P in Eq. (1), is relatively large for the South China, with respect to the North China, the contribution rate over South China is relatively small.
For the monthly precipitation, the contribution rates from observation, CRU and GPCC dataset are shown in Fig. 5 . In general, the contribution rate (averaged over observation, CRU and GPCC dataset) over North China varies from 3.1 % (July) to 18.6 % (April). For the South China, it varies from 2.3 % (May) to 11.2 % (December). Moreover, for both North and South China, contribution rates of the PDO on summer precipitation (June, July and August) are weaker than other months. For instance, the mean contribution rates are only 4.5 % and 4.6 % over North and South China, respectively. In other words, the PDO's impact on summer may be relatively weak over East China, with respect to other seasons. 
Summary
According to previous studies, annual precipitation anomalies over East China are modulated by the PDO; negative (positive) anomalies over South China and positive (negative) anomalies over North China, i.e., Bsouthern drought and northern flooding^(Bsouthern flooding and northern drought^) patterns during the cold (warm) phases of PDO. This study has primarily focused on the modulation of PDO on monthly precipitation. Using observations, CRU and GPCC precipitation datasets, temporal-spatial features of the PDO-induced monthly precipitation anomalies and atmospheric circulation over East China were investigated. The main conclusions are the following. 1) On interdecadal time scales, annual precipitation anomalies are out of phase with the PDO over North China and in phase over South China but lagging by 5-12 years. This suggests that the North-South dipole pattern of annual precipitation over East China is nonsynchronous. 2) The modulation by the PDO on monthly precipitation anomalies is month-dependent. During the warm phase of the PDO, the BSF-ND^pattern of precipitation anomalies during January to April is similar to that of annual precipitation, except for the division of positive and negative anomalies that moves southward and the anomalies over North China that are relatively weak. For May and June precipitation, there are BSD-NF^patterns, which are opposite to annual precipitation anomalies, and the division between positive and negative anomalies moves southward gradually from around 30°N in May to about 27°N in June. For July and August precipitation, the anomalies follow the BSF-ND^pattern, essentially the same with the annual precipitation anomalies. For September-December precipitation, there is less precipitation over most of East China except the positive precipitation anomalies in central East China, corresponding to a weak triple structure of B− + −^. Opposite patterns of monthly precipitation anomalies correspond to the cold phase of the PDO.
3) The North-South dipole pattern of annual precipitation does not occur exclusively in the summer. There are similar or opposite structures in other months. Even in the summer, the pattern of precipitation anomalies in June is largely different from that in July and August. This answers the first question in the introduction: the PDO modulates monthly precipitation anomalies over East China and its effect is month-dependent. 4) The modulation of PDO on the precipitation is quantified using the contribution rate. For the annual precipitation, the contribution rates are 7.6 % and 1.9 % over North and South China, respectively. For the monthly precipitation, the contribution rate over North China varies from 3.1 % (July) to 18.6 % (April), while for South China, it varies from 2.3 % (May) to 11.2 % (December). 5) Anomalous moisture flux and divergence presumably explain the monthly precipitation anomalies modulated by the PDO, which partially answers the second question in the introduction.
These preliminary results suggest that the PDO modulates precipitation anomalies over East China by adjusting moisture transportation. However, the detailed dynamic processes remain unclear and require further investigation in the future.
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